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OVERVIEW OF PHOTOTHERMAL SPECTROSCOPY

A. C. Tam

IBM Almaden Research Cénter, 650 Harry Road, San Jose, California 95120-6099

I. INTRODUCTION

Photothermal (PT) generation refers to the heating of a sample due to the
absorption of electromagnetic radiation. Such radiation exciting the sample can be in
the optical range, as well as in other ranges (X-ray, ultraviolet, infrared, microwave and
radio frequency). Furthermore, effects similar to PT generation can be produced by
other types of excitation beams (eleétron, proton, ions, etc.) instead of an
electromagnetic beam. PT generation is an example of cnergy conversion, and has, in
general, three types of applications, namely, (a) PT material probing, (b) PT matcrial
processing, and (¢) PT material destruction. Thus, type (a) applications cause no sample
modification, type (b) applications cause the sample to change to another useful form,
and type (c) applications render the sample useless. The temperatures involved also
generally increase in this order. This article is only concerned with type (a) applications
of PT generation; PT material probing is based on the ideas shown in Fig. 1. Optical
excitation of a sample can result in the production of several forms of energy: heat,
luminescence, chemical energy or electrical energy. The heat can be produced promptly,
or at various time delays due to energy transfer mechanisms. All these resulting energy
forms must add up to equal the absorbed optical energy; in other words, the various

de-excitation branches shown in Fig. | are “complementary.”

PT material probing or characterization techniques generally rcly on the use of
high-sensitivity detection methods to monitor the effects caused by PT heating of a

sample. Such possible effects are indicated in Fig. 2. Many of these PT effects occur
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simultancously, e.g., PT heating of a sample in air will produce temperature rise,
photoacoustic waves and refractive-index changes in the sample and in the adjacent air,
infrared thermal radiation changes, étc., at the same time. Thus, the choice of a suitable
PT effect for detection will depend on the nature of the sample and its environment, the
light source used, and the purpose of the measurement. This article provides an
overview of the experiment arrangements and detection schemes for the various PT
effects, and gives a summary of possible applications. Emphasis is given on the use of
probe-beam refraction schemes to detect PT refractive-index gradients, and approximate
analytical solutions for some typical configurations are provided to show how the
observed beam deflection signal depends on various paramecters, including delayed heat
release due to a long thermal de-excitation time constant. Literature citations are not
intended to be exhaustive: rather, only some of the most recent and representative work
in this field is provided here. More details and earlier work are found in other chapters
in this bo.ok, as well as in other reviews (e.g., Tam, 1986; Bialkowski, 1986; Rose et al.,

1986).

II. PT DETECTIONS AND APPLICATIONS

965 RN 88

Detection methods for various PT effects are summarized in Table I. These
detection methods can either be applied to the sample itself, or to the “coupling fluid”
adjacent to a condensed sample. (We generally assume that only the sample absorbs the
incident light, but not the adjacent coupling fluid, although Low et al. (1986) has
considered a more complicated case of absorbing coupling gas.) We shall call the former
case “direct PT detection,” and the latter case “indirect PT detection.” All the PT
detection schemes require a modulation in the excitation light (or at least a step change).
Such a modulation can be in the form of short intense pulses separated by long dark
periods (so-called “pulsed PT detection™) or continuous train of pu'ses at nearly 50%
duty cycle (so-called continuous-modulated PT detection). The former detection scheme
is typically in the “time-domain” where the PT signal magnitude and shape after the

pulse excitation is recorded, while the latter detection scheme is typically in the
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“frequency-domain” where the PT signal magnitude and phase are phase-sensitive
detected with respect to the excitation. Details and examples of the various PT detection

are given below.

A. Temperature Rise

The most direct method for measuring PT he.ating is the monitoring of the rise in
temperature; this is sometimes called “optical calorimetry” or “laser calorimetry,” since
a laser beam is frequently used for excitation. To detect the laser-induced temperature
rise, thermocouples or thermisters have been used, as indicated in Fig. 3a (Brilmyer er
al., 1977; Bass et al., 1979; Bass and Liou, 1984), and pyroelectric detectors with higher
sensitivity have also been exploited, as shown in Fig. 3b (Baumann er al., 1983; Coufal,
1984). Even absorption spectroscopy can be used to detect the risc in temperature if the
corresponding Boltzmann molecular population change can be analyzed (Zapka and

Tam, 1982a).

There are advantages and disadvantages of using a tempcrature sensor to detect
PT temperature rise directly rather than using other detection methods described later.
The main advantage is that absolute calibration is readily available, i.e., the observed
temperature rise can be directly measured and related to physical parameters like
absorption coeificients. The disadvantages are that response is usually slow, and
sensitivity is typically low compared to other methods; furthermore, in what is basically
a “dc method,” heat leakage from the sample must be minimized by elaborate thermal
isolation. However, Coufal (1984) and Coufal and HefTerle (1985) have shown that fast
risetime and high sensitivity for a thin-film sample is possible if it is directly coated onto

a thin-film pyroelectric detector.

B. Pressure Change
Pressure variations or modulations resulting form the absorption of modulated
light by a sample is usually referred to as “photoacoustic” (PA) or “optoacoustic” (OA)

generation. PA generation mechanisms include electrostriction, thermoelastic
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expansion, volume changes due to photochemistry, gas evolution, boiling or ablation,
and dielectric breakdown, with the PA generation efficiency 7 (i.e., acoustic energy
generated/light energy absorbed) generally increases in this order. For electrostriction
and for thermal expansion (also called thermoelastic) mechanisms, » is small, often on
the order of 1072 to IQ—B, while for breakdown mechanisms, n can be as large as 30%
(Teslenko, 1977). PT generation via thermoelastic expansion, where 5 is small, is the
most common mechanism used in PA spectroscopy. To get a qualitative spectrum of a
sample, the wavelength of the excitation beam is scanned, and the corresponding
magnitude of the acoustic signal normalized by the excitation pulse energy is measured
to provide an “excitation spectrum,” called a PA spectrum. To quantify this PA
spectrum, the various other “branching ratios” for the de-excitation in the excitation

wavelength range (see Fig. 1) must be accounted for.

As discussed for the general case of PT generation, PA gencration can be classified
as either direct or indircct. In direct PA gencration (Fig. 4), the acoustic wave is
produced in the sample where the excitation beam is adsorted. In indircct PA
generation (Fig. 5), the acoustic wave is generated in a coupling medium adjacent to the
sample, usually due to heat leakage and sometimes also due to acoustic transmission
from the sample; here, the coupling medium is typically a gas or a liquid, and the sample

is a solid or a liquid.

Extensive reviews of the application of PA detection for spectroscopy and other
measurements have been given in the literature, e.g., Rosencwaig (19%80), Patel and Tam

(1981), and Tam (1986).

C. Refractive Index Gradients

PT heating of a sample can produce Refractive Index Gradient (RIG) in the
sample (direct effect) or in an adjacent “coupling fluid” (indirect effect). Also, there are
two types of RIG produced by the PT heating of the sample, namely, a “thermal RIG"

and an “acoustic RIG.” The thermal RIG is produced by the decreasec density of the
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medium (sample or coupling fluid) caused by the local temperature rise, decays in time
following the diffusional decay of the temperature profile, and remains near the initial
optically excited region. The acoustic RIG is associated with the density fluctuation of
the medium caused by the propagation of the PA wave, decays in propagation distance
following the attenuation of the PA wave, and travels at the acoustic velocity away from
the initial optically excited region. Thermal RIG and acoustic RIG are related, and can
be used to measure similar parameters, like optical absorption coefficient, temperature,
or flow velocity of the sample. However, thermal diffusivity can only be measured by
the time evolution of the thermal RIG, and acoustic velocity and attenuation can only
be measured by the spatial dependence of the acoustic RIG. Also, at distances farther
than several thermal diffusion lengths from the excitation region, only acoustic RIG can
be detected. In general, thermal RIG provides a larger signal compared to acoustic
RIG, which, however, can have narrower temporal profilc and be detectable far away

from the excitation region.

I. Thermal RIG

The thermal refractive-index gradient generated by the excitation beam affects the
propagation of an optical beam in its vicinity, including its own propagation, rcsulting
in the well-known effect of “self-defocusing” or “thermal blooming.” Secif-defocusing
generally occurs instead of self-focusing because the derivative of the refractive index
with respect to temperature is usually negative, so that the tempcrature gradient results
in a negative lens. The thermal RIG also affects the propagation of another weak
“probe” beam in the vicinity of the excitation beam. Thus, thermal RIG can be v
monitored either by self-defocusing or by probe-beam refraction (PBR). Leite et al.
(1964) have first shown that self-defocusing of the excitation beani provides a sensitive
spectroscopic tool, and Solimini (1966) later gave a quantitative theory for this
application. Swofford er al. (1976) have shown that the PBR method with an additional

collinear probe beam provides higher sensitivity than the single-beam self-defocusing

method; this is called “thermal lensing” spectroscopy using a probe beam. Kliger (1980)
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and Bialkowski (1985) have reviewed the spectroscopic applications and analyzed the

aberration effects of the thermal lens.

The PBR technique for probing the refractive-index gradient need not employ
collinear beams as in the thermal lens experiment. A probe beam that is parallel to, but
displaced from, the excitation beam can also be used (see Fig. 6a). Boccara ez al. (1980)
and Jackson et al. (1981a) have pointed out that the PBR method, using beams with
appropriate displacements, can have higher sensitivity than thermal lens spectroscopy if
the probe is positioned at the maximum refractive-index gradient, which is situated at
approximately one beam radius from the axis of the excitation beam,; their work

indicated that an absorption fraction of 1 part in 10® can be detected.

In general, the probe beam need not even be parallel to the excitation beam.
Although the parallel configuration with a displacement of one becam radius gives the
largest probe deflection, this configuration may not always be possible. For example,
high spatial resolution measurements necessitate the use of “crossed” beam (Fig. 6b).
Also, for opaque samples, orthogonal PBR detection is gencrally needed since no

transmission through the sample is possible (Fig. 6c).

Since the detection of thermal RIG has been extensively used in PT spectroscopy
and matenals probing, we shall give more detailed description of the theoretical
derivations of typical cases of parallel PBR and perpendicular PBR, and their
applications. To make the mathematical forms to be simple and analytical so as to
provide physical insights, certain conditions on the sample and optical arrangements are
imposed. More general cases of PBR for monitoring the thermal RIG can be done by
numerical computations (Rose et al., 1986) or by ray-tracing (Sell, 1987). While PBR
measurements discussed here are all “linear” with respect to the excitation intensity,
nonlinear effects can sometimes be significant (Wetsel and Spicer, 1986; Bialkowski,

1985, Bialkowski and Long, 1987; Long and Bialkowski, 1985).
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(a) Parallel PBR

We derived here the theoretical formula for the parallel PBR deflection angle ¢
(Fig. 6a) for short pulsed excitatiorr and fast thermal de-excitation and a narrow probe
beam at a radial distance r from the axis of the excitation beam with a Gaussian profile

given by
2E
E(r) = — exp( - 2r’[a"), (1)
Ta

where Ej is the incident pulse energy of the excitation beam, a is the excitation beam
(1 ez)-radius, and E(r) is the energy density at r. The corresponding temperature

gradient at r immediately after the short pulsed excitation is

dT _ —8Egx rexp(— 2r2/a2)
dr pCpr:a2 a’

' (2)

where p = density, G = specific heat, and a = absorption coeflicient (assumed small).

For small probe deflection ¢, geometrical optics gives

P _dn _ dn dT 3)
I~ dr dT dr °’

where / is the optical path length, and n is the sample refractive index of ambient value

ng. Combining Egs. (2) and (3), we have

~8Eq) —2r%/a?
(p(r)=71% g¥ ( 0@)  rexp( zr/a). @)

2
pCpra a

Equation (4) is basically the same as given by Boccara er al. (1980) or by Rose et al.
(1986). We see from Eq. (4) that the probe-beam deflection ¢(r) depends linearly on the
temperature derivative of the refractive index, and linearly on « (for weak absorption),

and is maximum at r = af2.
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Note that the parallel PBR angle ¢(r) given in Eq. (4) for the probe located at
displacement r form the pump beam axis is valid only if the following conditions are
satisfied: (a) weak absorption, (b) short excitation duration, (c) narrow probe beam,
(d) sample thermal de-excitation time t is small, (¢) no thermal diffusion (i.e.,
observation shortly after excitation), and (f) no flow of the sample. In case where
condition (e) is not satisfied, i.e., observation is made at time t after the short excitation

pulse, Eq. (4) is still valid if the following substitution for the excitation radius a is made:
a’ — (a’+ 8DY) (5)

where D is the thermal diffusivity. Furthermore, if a flow velocity V, exists, where z is
the direction from the pump beam to the probe beam, Eq. (4) is still valid with the

following substitution for the beam-separation parameter r:
r— (z—v,t). (6)

Thus. in the more general case of paralle! PBR observed at a dclay time t in presence

of a flow v,, the deflection angle ¢(z,t) is given by

965 14NT 85

o(z,t) = {  dn (~8EquXz — v,t)exp[ — Az — vzt)2/(a2 + 8D1)]
T Mo dT pCyr(a’ + DY

(7

which agrees essentially with the “traveling thermal lens” deflection angle derived by
Sontag and Tam (1956b), in which a factor of 2 was inadvertently missed. Note that

Eq. (7) still requires that conditions (a) and (d) stated after Eq. (4) are satisfied.

(b) Perpendicular PBR

Consider the geometry of Fig. 6b where the pump beam goes at dircction y, probe
beam gees at direction X, and the probe axis and pump axis are separated by a distance
z. We again assume that conditions (a) to (c) listed after Eq. (4) are valid. However,
we generalize here to examine the effects of finite thermal de-excitation time t and finite

observation time t after the short-duration excitation. The flow velocity is assumed to
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be zero; however, any flow v, in the z-direction can again be accounted for by the

following substitution
z — (z~v,t) (8)

For cylindrical symmetry, the temperature rise T(r,t) will obey the following

differential equation

T 1 3T 1 8T N, thv
ar? T a "D o T DpCpt exp( = t/r), ©)

where r is the radial coordinate, D is the thermal diffusivity, N(r't’) is the concentration
of excited molecules, hv is the photon energy, p is the density, Cp is the specific heat,
and 7 is the thermal relaxation time. We have assumed that the heat generation process
is characterized by the single time constant . The density of excited state molecules
after excitation by a short-duration Gaussian shaped pump beam with beam parameter

a is given by

2¢E, —2r

N(r,t) = ex
a’+ 8Dt

10
zhv(a® + 8D_t) (10)

where a is the absorption coefficient, Eg is the pump pulse energy, hv is the photon
energy and D, is the molecular diffusivity. Here, we include the consideration of the
diffusion of excited molecules out of the production zone; this may be important, as
molecular and heat transport in gases arc of comparable magnitude. In Eq. (9), the heat
source term Q(r’, t') has been expressed as

o, t) = N(H,t')hvtcxp(—t'}t) an

For cylindrical symmetry, the temperature rise T caused by the pulsed linear heat

source X, t') has becen calculated by Carslaw and Jaeger (1939) as
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T(r,1) = jo v J;zm'dfo(f,t')c(f,r,t— t) (12)

where the Green’s function G(r, r, t — t') for a cylindrical shell of radius r is given by

: . 1 r 4t
g G =)= e =) I°< 2D(t— 1) )exp< m) (13)

K is the thermal conductivity, D is the thermal diffusivity of the medium, and Iy is a

} modified Bessel function. By using Egs. (10), (11), and (13), the integral in Eq. (12) can
f. be evaluated to obtain the time dependent temperature distribution T as
20Ey [t , (-t7) 2r
T(r,t)= =Copt Jo dt’ exp AL U) exp AL D) (14)

where A(t, t') is given by
A(t,t)=a%+ 8D_t + 8D(t — t'). (15)

From Eqgs. (14) and (15), it is clear that for fast thermal relaxation so that
1< < az/SDm andt < < a2/8D, the effect of molecular diffusion becomes negligible; in
this case, we can put D, = 0 and take the slower time-varying tcrms outside the integral

in Eq. (14) to obtain the simple solution for the temperature distribution

T(r, 1) = 2¢Eq  [1—exp(—t/7)]
" mpC, (af+ 8D

exp[ — 2r¥/(a® + 8DU)]. (short 1) (16)

The perpendicular PBR angle y/(z,t) for the gecometry of Fig. 6b is given by

-1 2én (* oT
Wzt =5 =3 & 4 (17)
D65-1RWV.RS
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Substituting Eq. (14) into Eq. (17), we obtain the time-dependent perpendicular PBR

angle

_ an (- Sanz) , exp(t'/r)exp[ —2z /A(tt)]
Y(z)= no T */—2;tpC ar AT

(18)

Again, fort < < a2/8Dm andr < < a2/8D, this simplifies as for the casc of T(r,t) given

by Eq. (16) to be:

- 8aE 1—e¥" 2
¥(z, 1)=_1— on - 52t (z 3)2 €Xp\ T 72 &
o 0T prpC, (a*+ 8Dt a’ + 8Dt

) . (shortt) (19)
The calculz;ted deflection signals, ¢ for a few pump probe scparations z for

fast thermal relaxation (i.e., t — 0), are shown in Fig. 7a. The signal shape expected

for a “slow” component (i.e., finite 7) is shown in Fig. 7b, which is taken from the work

of Sontag er al. (1987).

As noted earlier, Eqs. (18) and (19) can be applied to a flowing fluid sample in the
z-direction (i.e., perpendicular “traveling thermal lens” case) by the substitution of

Eq. (8) in Egs. (18) or (19).

In general, the pulsed pump beam may not be cylindrically symmetric with a
Gaussian beam shape. We can estimate the importance of this effect by examining the
case where the pump beam has a Gaussian intensity distribution with beam parameter
a in the z-direction, but possesses a rectangular intensity distribution of width a, in the
x-direction (see coordinate system in Fig. 6b. In addition, we assume that a; > > a, such
that heat flow in the x-direction can be neglected. In this limit, we can treat the heat
flow in one dimension only. We will show that for this case, the same probe deflection
as for cylindrical symmetry case is obtained, indicating that the intensity distribution of

the pump beam in the x-direction is unimportant for PBR.
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Using the result for a plane source, we can set up the general solution as

T(z,t)= J'ldt'_ro dz'G(Z, z,t — ')z, t') (20)
0 —o00
where
1
’ e Y= 2
G(Z,z,t—t) N (21)
and

V2 «Eg exp[ — 22'(a? + 8D_.t')]

exp( - ) . (22)
pCp\/rz_v:aI\/a2 + 8Dt

Az, )=

Equations (20)-(22) can be integrated to vield

v, V2aE, (- tf7) ( 22 )
T(z,t)= | dv S— A 23
9 -[o t J;talpCp P AL, t) exp Al t) (23)

The perpendicular PBR angle y is again derived by inserting Eq. (23) into Eq. (17), from
which the same result as in Eq. (18) is obtained. This can intuitively be understandable,
since in the present perpendicular beams arrangement, the interaction length of the
probe beam with the thermal lens increases with a larger excitation becam waist in the
x-direction, and this effect counteracts the smaller RIG. We, therefore, conclude that
the intensity distribution of the pump beam in the probe direction is of minor
importance in perpendicular PBR experiments if the intensity distribution of the pump

beam is Gaussian along the z-direction; Eq. (18) or (19) should adequatcly describe the

perpendicular PBR angle 4.
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(c) Application of PBR Due to Thermal RIG

Numerous applications of PBR detection of thermal RIG have been recently
reported in the literature; such applications include spectroscopy, analytical application
and trace detection, imaging and defect detection, and flow or combustion diagnostics.
This great current interest arises because of the high sensitivity and spatial and temporal
resolution achievable with this technique together with the desirable noncontact nature
of the detection method. More detailed considerations have been given by Rose ef al.

(1986), Murphy and Wetsel (1986), Bialkowski (1986), and Morris and Peck (1986).

Spectroscopy. Murphy and Aamodt (1980) and Jackson er al. (1981a) have
calculated the probe-beam deflection for cases of cw or pulsed excitation with either
perpendicular or parallel probe. Jackson er al. (1981a) have experimentally verified some
of the predictions of their theory. For example, they have used PBR spectroscopy to
measure the optical absorption of benzene at 607 nm due to the sixth harmonic of the
C—H stretch. From their experimental results for a 0.1% solution of benzene in CCly,
they concluded that the PBR method can detect an absorption cocfficient of
2x 10”7 ¢cm™! fora 1-mJ pulsed-excitation laser with the detection limit being mainly
due to the pointing instability of the HeNe probe laser. Jackson er al. (1981b) have also
reported the measurement of absorption spectra of crystalline and amorphous Si by
photothermal PBR spectroscopy. Orthogonal PT PBR (or “mirage” probing) has been
used for novel spectroscopic applictions by Fournier e al. (1981), Murphy and Aamodt
(1981), and Low er al. (1982). In addition, orthogonal PBR (with the probe intersecting
the pump beam inside the sample) has been used by Dovichi et al. (1984) for PT
microscopy applications. Nickolaisen and Bialkowski (1985) have used a pulsed infrared
laser for thermal lens spectroscopy of a flowing gas sample. There are more recent
reports on spectroscopic measurements on thin films (Dadarlat et al., 1986; Hata er al.,
1986) and on adsorbed species (Morterra et al., 1985). The use of “hexane soot” as the

reference absorber for PT spectroscopy has been investigated (Low, 1985).
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Fourier transform (FT) techniques have been extensively applied to PBR
spectroscopy for efficient spectroscopic measurements and signal-to-noise improvement.
Earlier work was reported by Fournier et al. (1981) who showed PBR FT spectroscopy
for absorption and dichroism measurements and obtained three orders of magnitude
improvement in sensitivity over conventional PA spectroscopy. Low et al. (1984) have
combined the infrared Fourier-multiplexed cxcitation technique with photothermal PBR
detection for spectroscopy of “difficult” samples like polymers, fabrics, paper, and
bones. Other PBR FT spectroscopy applications include studies of thin films (Roger et
al., 1985), electrodes (Crumbliss et al., 1985), solid/liquid interface (Varlashkin and Low,
1986a,b), and infrared spectral depth profiling (Varlashkim and Low, 1986c). Much
consideration on instrumentation is given by Mandelis and co-workers (Mandelis, 1986;
Mandelis er al., 1986a,b). Besides FT, other multiplexed techniques like Hadamard

transform have been reported (Fotiou and Morris, 1987).

Analytical Applications. This is a particular case of spectroscopic measurement

to determine compositions (perhaps in small amounts). Numerous reports have been
published recently. Long and Bialkowski (1985) have shown the use of PBR PT
spectroscopy for trace gas detection at the sub-part-per-billion level, and Fung and Lin
(1986) and Tran (1986) have done trace gas analysis via intracavity PBR spectroscopy.
Analytical applications for solutions (Uejima et al., 1985), powder layer (Tamor and
Hetrick, 1985), surfaces (Field ez al., 1985), and black inks on paper (Varlashkin and
Low, 1986a) have also been reported. Comparisons of detection limits by PT
spectroscopy with other types of analytical techniques have also been given by

Winefordner and Rutledge (1985).

Imaging. Murphy and Aamodt (1980,1981) have demonstrated PT imaging using
perpendicular PBR (called the “mirage effect”). Kasai e al. (1986) have used PBR for
nondestructive materials evaluation, Mundy ez al. (1985) and Abate er al. (1985) have
used PBR for coating evaluation, and Baumann and Tilgner (1985) have discussed the

theory for the measurement of the thickness of a burnied layer. McDonald et al. (1986)
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have used PBR for imaging “vertical interfaces” in solid and Rajakarunanayake and

Wickramasinghe (1986) have demonstrated novel nonlinear PT imaging.

Flow diagnostics. Sontag and Tam (1985b,1986a), Sell (1985), and Weimer and

Dovich (1985) have demonstrated “traveling thermal lens” spectroscopy for monitoring
flow velocity, temperature, and composition in a flowing fluid. Rose er al. (1986) have
made a very detailed analysis of the PBR signal shape in a flowing fluid system for
applications in combustion diagnostics. Sell and Cattolica (1986) have shown velocity
imaging in a flowing gas. Optimization of velocity measurements by such techniques
are given by Dasch and Sell (1986) and by Weimer and Dovichi (1985a,b). To show the
feasibility of single-pulse measurement of local thermal diffusivity or temperature in a
combustion system, Loulergue and Tam (1985) have used a pulsed-excitation CO, laser
beam and a continuous HeNe probe beam that is paralle! to but displaced {from the

excitation beam for thermal diffusivity measurements in an unconfined hot gas.

Other applications. The use of time-resolved photothermal PBR techniques to

detect delayed heat release, for example, due to energy transfers or photochemical

965 181 ¥§

reactions is also possible. This has been demonstrated by Tam et al. (1985) for the case
of photochemical particulate production in a CS, vapor induced by a pulsed N, laser,
where the delayed heat release is attributed to the nucleation and growth of particulates.
A delayed peak can be observed in the probe-beam deflection signal when delayed heat
release occurs, as shown in Fig. 8; more details on this use of time-resolved PBR for

thermal relaxation measurements in chemically active systems are reported by Sontag

et al. (1987). We also note that PBR can also be used to detect thermal rclease due to e

radio-frequency or microwave-frequency excitation, e.g., in ferromagnetic resonance

(Netzelmann et al., 1986).

2. Acoustic RIG
Similar to the optica! probing of the thermal RIG, we can also detect the RIG

associated with the PA pulse. The detection of refractive-index variation caused by
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acoustic waves is not new; for example, this has been reported by Lucas and Biquard
(1932) and Davidson and Emmony (1980). The present discussion is focuscd on its use
for PA detection, which is similar t6 the above PT detection scheme. This method can
be called optical probing of the acoustic refractive-index gradient (OPARIG); it is
applicable for “direct detection” inside a material transparent to the probe beam, or to
“indirect detection” in a transparent coupling medium adjacent to an opaque sample.
Here, the transient deflection of the probe due to the traversal of the PA pulse is
detected. By using two or more probe beams at different displacements at different
times, acoustic velocity and attenuation of the sample or of the coupling medium can
be detected. Quantification of the OPARIG signal S(t) has been given by Sullivan and
Tam (1984), using a photodiode with a small active area as a fast deflection sensor (see
Fig. 9). When the PA pulse produced by the excitation beam crosses the probe beam,
a transient angular deflection (Klein, 1970) ¢ of the probe is produced,

on(r, aP(r,
s - D

where n(r,t) is the refractive index of normal value ng, P(r,t) is thec PA pressure, and /is
the interaction length of the PA pulse with the probe laser. The small transient probe
deflection ¢ causes the probe beam to move across the detection photodiode. The

observed probe-beam deflection signal S(t) from the photodiode is given by
S(t)= GlralLe , (25)

where G is a constant depending on the photodiode sensitivity and clectronic gain of the
’

detection system, Ip(rd) is the lateral spatial derivative of the probe-bcam intensity

distribution at the photodiode position ry (with the active area of the photodiode being

sufficiently small), and L is the “lever arm” of the probe beam (i.e., distance from the

interaction region in the cell to the photodiode). Combining Eqs. (24) and (25), we have

aP(r,t)

S(t) oc FTO

(26)
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which means that our experimental probe-beam deflection signal is a measure of the time
derivative of the PA pulse at the probe-beam position. This present discussion assumes
that the detection is made sufficiently far away from the excitation region region so that
thermal RIG effects are negligible. Sullivan and Tam (1984) have used OPARIG for a
reliable determination of PA pulse profiles generated by laser beams of durations in the
usec or nsec regimes to verify the theoretical PA pulse profiles calculated by Lai and

Young (1982) and by Heritier (1983).

A novel application of OPARIG for acoustic absorption spectroscopy in gases, to
be called “PA spectroscopy of the second kind” (to distinguish it from the well-known
first kind concerned with optical absorption spectroscopy) has been reported by Tam
and Leung (1984). Here, the acoustic absorption spectrum of a gas sample is obtained
by measuring the Fourier spectrum of S(t) at different distance from the PA source; the
decay of the Fourier spectrum with propagation distancc gives the acoustic absorption
spectrum of the gas. Thus, optical monitoring of PA pulsc profiles should open up new
noncontact ultrasonic velocity, relaxation, and dispersion measurcments. For example,
chemical reactions, nucleations, precipitations, efc., in a system frequently cause changes
in the ultrasonic absorption or dispersion spectra, detectable by monitoring the profiles

of the probe-beam deflection signals at several propagation distances.

Zapka and Tam (1982b,1982c) have demonstrated a new application of the
laser-induced acoustic source for measurements in a ﬁowing fluid. They show that the
flow velocity of a pure particle-free gas (as well as of a liquid) can be measured to an
accuracy of 5 cm/sec, and simultaneously the fluid temperature can be obtained to an
accuracy of 0.1°C. Such noncontact measurements were not possible previously by
other known laser scattering methods (like laser Doppler velocimetry, coherent
anti-Stokes Raman scattering, or stimulated Raman-gain spectroscopy). In their
experimental arrangement, an acoustic pulse in a flowing air stream is produced at
position 0 by a pulsed-excitation laser (Nd:YAG laser, ~10 mJ cnergy and 10-nsec

duration). Three probe HeNe laser beams, 1, 2, and 3, at distances /|, 5, and 4 from 0,
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are used to monitor the acoustic pulse arrival times t;, t5, and t3, respectively. The
acoustic pulse arrival at each beam is indicated by the transient deflections of the beam
and can be detected by using a knife edge and a photodiode of suitable risetime. Zapka
and Tam (1982c) have shown that the deflection signals provide enough data to give
both the flow velocity and the fluid temperature simultaneously, and at the same time

minimizing possible errors due to a blast wave or a shock wave produced at the origin

0.

Note that both the acoustic RIG detection and the thermal RIG detection can be
used for noncontact flow, temperature, and composition measurcments in fluids. In fact,
both the PA and PT deflection (i.e., refraction) can be generally observed with the same
experimental setup, with the PA deflection occurring earlier for displaced excitation and
probe beams. For flow diagnostics, PT deflection is more suitable for slow flow

velocities, and PA deflection is more suitable for fast flows.

3. Other Detection Schemes of RIG produced by PT Generation

We have described only PBR techniques for detecting PT generated
refractive-index variations (thermal or acoustic); however, such vanations can also be
probed by other optical techniques, notably the phasc-fluctuation heterodyne
interferometry technique (Davis, 1980) and the Moire deflectometry technique (Glatt et
al., 1984). Nelson and Fayer (1980) have used two intersecting coherent pump beam for
PT generation of a thermai refractive-index grating in a sample, and use a probe beam
diffraction scheme to measure the decay of this grating. Also, Williams (1984) has used
a high frequency (~ 1 GHz) train of short laser pulses to irradiate an opaque sample
adjacent to a gas (Fig. 10), and observed Bragg scattering of a probe beam due to the
modulated refractive index in the gas; this method has the interesting application of

measuring ultrahigh frequency sound propagation in gases or liquids.
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D. Surface Deformation

As for the case of RIG, the deformation of a sample surface due to PT excitation
can be of two kinds, thermal deformation and acoustic deformations. While these two
deformations are related, the thermal one decays in time as for thermal diffusion, while
the acoustic one propagates into the sample bulk and also along the sample surface as

bulk and surface acoustic waves, respectively.

1. Thermal Surface Deformation

The PT heating of a surface causes distortions due to thermal expansion. The
distortions can be very small, e.g., 107%A. However, Amer and co-workers (Amer, 1983;
Olmstead et al., 1983, Olmstead and Amer, 1984) have observed that even such small
surface deformations can be detected, providing new sensitive spectroscopic

applications. This has been called PT displacement spectroscopy.

The technique of photothermal displacement spectroscopy can be understood from
Fig. 11. Figure l1a indicates the case when a laser beam of power P and arca A chopped
at a frequency f'is incident on a solid. Let us assume the simple case of weak absorption
by a thin coating (of thickness / and absorption cocfficient «) on a transparent substrate.

The modulated heating is “spread” through a thermal diffusion length u given by

= 2] @)

where D is the thermal diffusivity of the solid. The average temperature rise AT in this

thermal diffusion volume can be estimated as

AT = alP

© 2fpCuA ' (28)

where P/2f is approximately the incident energy in one cycle, «/ is the fraction of light
absorbed, p is the density, and C is the specific heat of the solid. The magnitude of the

maximum surface displacement hy is estimated as
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__BalP
hofﬁ#AT— 2(pCA (29)

where B is the linear thermal expansion coefficient of the solid. We see that the surface
displacement is proportional to the coating absorption coefficient «, and hence
absorption spectroscopy of the coating can be performed by monitoring the distortion
as a function of the excitation laser wavelength. Equation (29) is derived
semiquantitatively and shows the correct dependence of hy on various parameters: S,
P, f, p, C, and A for thermally thick samples; detailed analysis are given by Miranda
(1983).

Amer and co-workers show that the surface displacement can be conveniently
monitored by a probe-beam deflection method indicated in Fig. 11b. The continuous
probe is deflected by the deformation, and the displacement S at a detector plane

(perpendicular to the probe beam) is given by [see Fig. 11b]
S=2h,cos8+2g,L. (30)

Here, the subscript x indicates the location where the probe beam meets the solid
surface, h, is the height of the distortion at x , g, is the local gradient due to the
distortion at x, L is the distance from x to the detector, and 6 is the grazing angle of the
probe beam. Both h, and g, are proportional to hg given by Eq. (29) for small
distortion. The gradient deflection term (2g,L) can be made much larger than the height

deflection term (2h, cos 8) by making the optical level arm L sufficiently long.

The advantages of PT displacement spectroscopy for absorp:ion measurements are
that it is noncontact and compatible with a vacuum environment. The disadvantages
are that it is applicable only to reflective and smooth surfaces, and carcful alignment of
the probe beam is required. Olmstead and Amer (1984) have used photothermal

displacement spectroscopy for measuring absorption at silicon surfaces and have
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achieved a new understanding of the surface atomic structure. Karner er al. (1985) have

used pulsed laser PT displacement spectroscopy for surface analysis.

It is not always possible to totally separate surface deformation effects form the
refractive-index gradient effects described in Sec. C. For example, Rosencwaig et al.
(1983) and Opsal et al. (1983) have examined the casc of a coated sample (SiO, on Si)
in which the probe beam can be significantly affected by scveral PT effects, including
deformations of the SiO, and of the Si surfaces, refractive-index gradients in the gas and
in the SiO,, optical interference effects in the SiO; film, and PT-induced reflectivity

variations.

2. Acoustic Surface Defermation

Noncontact optical probing of surface movements due to acoustic waves has been
studied by numerous workers because of its important materials testing applications.
Earlier reviews were given by Whitman and Korpel (1969) and Stegeman (1976), and a
general summary of noncontact ultrasonic transducers for nondestructive testing has
been given by Hutchins (1983). The optical detections of PA surface deformation are
similar to these earlier work on optical probing of surface acoustic wave; the more
commonly used methods are probe-beam deflection, interfcrometry, and Doppler
velocimetry measurements. Review of the optical detection of PA surface wave or

deformations are given by Monchalin (1986) and by Sontag and Tam (1986b).

The probe beam deflection measurement of surface acoustic deformation is similar
to the method of optical detection of PT surface distortion developed by Amer (1983)
described above. It is based on the deflection of a probe beam reflected from the surface.
The distinctions between PT distortion and PA distortion may be, described as follows:
PT distortion is due to the thermal expansion associated with the local temperature rise,
follows the temperature decay via diffusion, and remains close to the excitation region:
PA distortion, on the other hand, propagates at a sound speed away from the excitation

region. Only PA monitoring can provide values of sound speed and attenuation. At
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distances more than several thermal diffusion lengths away from the cxcitation regime,
only PA distortion can be detected. Sontag and Tam (1985a) have extended the
probe-beam deflection technique of Amer (1983) for detecting multiply reflecting PA
pulses in a silicon wafer excited by a pulsed N, laser. Such noncontact techniques
(extending the uscfulness of contact PA testing in Tam (1984) and Tam and Ayers
(1986)) are useful for fast ultrasonic testing and imaging and for remote sensing of
samples that are “inaccessible” (e.g., in a vacuum chamber, in hostile environments, or

whenever contamination must be minimized).

Another method of optical sensing of PA surface distortion rclies on
interferometry. In this case, a probe beam is split into two parts, one being reflected
from the sample surface and another from a reference surface. The reflected beams are
recombined, and the resultant intensity is monitored. Kino and his associates
(Jungerman et al., 1982,1983; Bowers, (1982) have developed a coherent fiber-optic
interferometry technique for measuring acoustic waves on a polished or even on a rough
surface. Also, Cielo (1981) has described an optical detection method of acoustic waves

for the characterization of samples with unpolished surfaces. Palmer er al. (1977) have
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analyzed a Michelson interferometry system for measuring displacement amplitudes in
acoustic emission; their analysis was subsequently criticized by Kim and Park (1984).
Bondarenko er al. (1976), Calder and Wilcox (1980), and Hutchins and Nadeau (1983)
have used Michelson interferometry for detecting the PA pulse shape excited by a
powerful pulsed laser (e.g., ruby, Nd:glass, or Nd:YAG laser) in metal plates, while
Suemune et al. (1985) have extended this work to detect photoacoustic vibration in a

GaAs plate produced by a focused diode laser beam modulated at ~100 Hz.

Other novel methods for optical sensing of PA surface deformation have been
reported, notably the technique of “piezo-reflection” measurement of Eesley et al.
(1987); they showed that ultrashort PA pulses of picoseconds duration produce
observable surface reflectivity changes, thus opening up the possibility of optical

ultrasonic measurements in the picosecond domain.
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E. Photothermal Radiometry

Photothermal radiometry (PTR) relies on the detection of variations in the infrared
thermal radiation emitted from a sample that is excited by an electromagnetic “pump”
beam (typically from a laser or from an arc lamp) of varying intensity or wavelength.
A simple theory of PTR is given by Nordal and Kanstad (1979). The total radiant
energy W emitted from a grey body of emissivity ¢ and absolute temperature T is given

by the Stefan-Boltzmann law
W=2eT*, 3D

where ¢ is the Stefan-Boltzmann constant. Suppose the body is irradiated by an optical
pulse of energy E at wavelength A that is absorbed by the body with an absorption
coefficient a(4), resulting in a small temperature rise 6 T(E, «). By Eq. (31), the total

radiant energy is increased by
SW(E, «) = dea T>6 T(E, «). (32)

If 6T(E, «) varies linearly with aE, spectroscopic measurement is possible by defining the

965 141 85

“normalized” PTR signal S as
S(a)=oW(E, «)/E. (33)

An excitation spectrum called a PTR spectrum can be obtained by monitoring S for

various excitation wavelengths A.

In a typical PTR measurement, the excitation beam (of photons, or more
generally, of some form of energy) is either continuously modulated, with about 50%
duty cycle, or pulse modulated, with low duty cycle and high peak power. The
observation spot can, in principle, be anywhere on the sample; however, the IR emission
is usually detected at the excitation spot in a backward direction (called “backscattering
PTR"), or from a spot that is “end-on” through the sample thickness from the excitation

spot (called “transmission PTR”). Thus, there are four common variations of PTR in
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the literature, as classified according to the excitation mode (continuously modulated
or pulsed) and to the detection mode (transmission or backscattered). These are
summarized in Fig. 12, and some applications published in the literature are reviewed

by Tam (1985) and Kanstad and Nordal (1986).

As is a common problem with all other PT monitoring techniques, the PTR signal
magnitude normalized to the energy of the excitation pulse is not necessarnly
proportional to the absorption coefficient of the sample at the excitation wavcelength.
In other words, the excitation spectrum obtained by measuring the normalized PTR
signal as a function of excitation wavelength may not be proportional to the true
absorption spectrum. For a semi-infinite sample, this proportionality is true if the
sample absorption coefficients at the detected infrared wavelengths are very large

compared to those at the excitation wavelengths (see Tam, 1985).

Applications

Early work of PTR was done by Deem and Wood (1963) who uscd pulsed ruby
laser for excitation and transmission radiometric monitoring to perform noncontact
thermal diffusivity measurements of nuclear fucl material. Nordal and Kanstad
(1978,1981) and Kanstad and Nordal (1986) have extensively investigated the many
applications of PTR, causing its modern popularity; they have demonstrated very
sensitive spectroscopic absorption measurements, e.g., due to less than a monolayer of
molecules on a surface. Moreover, such spectroscopic measurecments can be performed
on “difficult” samples like powders or materials at high tempcrature. Using
continuously modulated transmission PTR, Busse (1980), Busse and Eyverer (1983), and

Busse and Renk (1983) have detected voids inside opaque solids.

Using pulsed transmission PTR, Deem and Wood (1962) have measured thermal
diffusivity of “dangerous” materials like nuclear fuels. With pulsed backscattering PTR,
Tam and Sullivan (1983) and Leung and Tam (1984a,1984b) have dcmonstrated scveral

remote-sensing applications, including the measurement of absolute absorption
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coeflicients, monitoring of layered structure and film thickness, and detection of the
degree of aggregation in powdered materials. Using intense ptlsed lasers for excitation
and single-ended monitoring, such measurements should be possible for samples that are

~1 km away.

There are rapidly expanding interest in PTR mainly because of its remote sensing
nature, depth-profiling capability, absolute spectroscopic measurement possibility, and
adaptability to measure the spectra of aerosols, powders, and films. Examples of such
work include the quantitative measurement of opaque layered structures (Tam and
Sontag, 1986; Cielo et al., 1986; Egee e al., 1986; Beaudoin er al., 1986), aerosol and flow
measurements (Lin and Campillo, 1985; Sontag and Tam, 1986a), semiconductor defects
detection and imaging (Nakamura et al., 1985) and small absorption measurement

(Lopatkin et al., 1985).

F. Other PT Changes

Besides the more common PT effects described above that have been extensively
used for PT spectroscopy and material testing applications, many other PT effects are
possible, especially for special circumstances. For example, large “bimorph” type of
mechanical vibratioﬁs can be produced for a.suitably supported thin plate that is PT
excited at one side only (Rousset et al., 1983), and these vibrations, especially large at
mechanical resonances, can be detected by probe beam deflection, interferometry, or
Doppler velocity methods. Also, modulated PT heating of many types of metal or
semiconductor surfaces causes modulated reflectivity changes (Rosencwaig et al., 1985)
or transmission and scattering changes (Rosencwaig et al., 1986) which can be due to the
density change or the photocarrier generation at the surface; this technigue of “transient
thermal reflectance” has been extended by Paddock and Eesley {1986) to the picosecond
time resolution regime for monitoring thermal properties of thin films (~100A) and of
its interface conditions. Also, PT heating can cause changes in absorptivity in a sampic;

Zapka and Tam (1982a) have used a probe-beam absorption measurement to detcct the
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change in the Boltzmann molecular population distribution due to the PT heating of a

gaseous sample.

III. CONCLUSION

We have given here an overview of the different versions of PT measurement and

material characterizations which can be classified as follows:

(1) PT spectroscopy: in this class of application, the PT signal amplitude is

2

(3

4

measured for a range of optical excitation wavelength, producing an excitation
spectrum. For quantitative interpretation, the PT generation cfficiency must
be known or at least kept fixed while the PT spectrum is obtained. Otherwise,
the PT excitation spectrum is at best qualitatively showing the absorption

peak positions.

PT monitoring of de-excitation processes: here, the thermal decay branch is
monitored to provide information on a competing decay branch. After optical
excitation, four decay branches are generally possible: luminescence,
photochemistry, photoelectricity, and heat that may be generated directly or
through energy-transfer processes. For example, if luminescence and heat are
the only two competing branches, and if the branching ratio can be
controllably varied, PT monitoring of the heat branch can provide the

quantum efficiency of luminescence.

PT probing of thermoelastic and other physical propertics of materials:
various information can be obtained conveniently with the help of the optical
generation of thermal waves or acoustic waves. Such information includes
sound velocity, elasticity, temperature, flow velocity, spccific heat, thermal
diffusivity, thickness of a thin film, subsurface defects, delamination or air gap

thickness, and so on.

PT generation of mechanical motions: this is a small area of application now.

PT effects can produce motions like liquid droplet ¢jection (Tam and Gill,

965-1RV-RS

85

965 181




. ‘.

27

1982) or structural vibrations. Such effects can be enhanced by taking
advantage of PT boiling, light-induced chain-reaction effects, or mechanical

resonances.

In general, the choice of applying a PT source for heating rather than using a
“Bunsen Burner” is justified by some of the following reasons: (1) PT heating can
provide convenient, noncontact, and sensitive methods for detecting optical absorptions
in matter, and is applicable for traditionally difficult samples (e.g., highly opaque,
transparent, or scattering); (2) information concerning de-excitation mechanisms and
quantum yields can be obtained; (3) very localized or very rapid photothermal heating
can be achieved to provide novel measurements or produce new effects with high spatial

or temporal resolution, as well as providing subsurface and depth-profiling information.

This article has given an overview on PT probes with cmphasis on the physical
insights in probe-beam refraction techniqucs. to detect PT refractive index gradients
because of its quantitative, noncontact, and high-sensitivity nature. More detailed
reviews of other PT probes have been given elsewhere, e.g., reviews on photoacoustics
(Rosencwaig, 1980; Patel and Tam, 1981; Tam, 1986) and photothermal radiometry
(Kanstad and Nordal, 1986; Tam, 1985).
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TABLE 1

The heating of a sample due to optical absorption can result in various photothermal effects
and provide the corresponding detection techniques

Photothermal Effects

Detection Methods
(applicable to sample S or to adjacent fluid F)

Temperature Rise

Laser calorimetry (S or F)

Pressure Change

Direct photoacoustic detection (S)
Indirect photoacoustic detection (F)

Refractive Index Change
(Thermal or Acoustic)

Probe-beam refraction (S or F)
Probe-beam diffraction (S or F)
Other optical probes (S or F)

Surface Deformation
(Thermal or Acoustic)

Probe beam deflection (S)
Optical interference (S)

Thermal Emission Change

Photothermal radiometry (S)

Reflectivity/Absorptivity
Change

Transient thermal reflectance (S)
Photothermal absorption monitoering (S or F)
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______ 5 - Refracted probe
{a) | Lpge——f=——ctoe —we=c--1" Non-refracted probe
Parallel Pu'n-np (y direction)
probe-beam 0
refraction y

Pump
(y-direction)

(b)

Perpendicular

A,
probe-beam /*\gf.'"e "
refraction "@c,-acfed
in sample ‘0n, Prog,

Pump

(e)
Perpendicular
probe-beam  Sample
refraction
outside sample
(mirage effect)

} “Coupling fluid”
above sample

"™ Refracted probe
Non-refracted probe

Figure 6. Examples of various PT probe beam refraction (PBR): (a) direct PBR in a
sample for parallel pump and probe (the special case of concentric pump and probe is
called “thermal lensing”); (b) direct PBR in a sample for perpendicular pump and probg;

(o) iéidircct PBR in a coupling fluid adjacent to a sample for perpendicular pump and ’
probe.
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Figure 7. (a) Calculated perpendicular PBR signals for various separations z between
the pump beam and the probe beam in a stationary sample with r =-0. The signal is

)

100

largest for z= a/2, where the signal decay shape is also simple. (b) Calculated

perpendicular PBR signal for z= a/2 in a stationary sample when the PT de-excitation
has two time constants: a slow heat roicase component with a finite t, and a fast hcat
release component with t” = 0. The resultant PBR signal has a delayed peak. The inset
shows that the long-time decay is govcmcdobz' thermal diffusion.
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Figure 8. (a) Observed perpendicular PBR signals in a nitrogen dioxide gas of various
pressure excited at 337 nm, with z = a/2, corresponding to the theoretical curve shown
in Fig. 7a, middle trace. (b) Observed perpendicular PBR signals in a carbon disulphide

gas of various pressures excited at 337 nm, with z = a/2; the higher pressure signals show
the delayed peak indicated in Fig. 7b.
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Excitation
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(a) _

| Thermal diffusion

volume
Coating { 3\ 7
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2
E
(b)
Excitation 2 h,cos @
beam
[l ~ o —
\eC
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Figure 11. Photothermal displacement spectroscopy excmplified for the case of an

absort?ing layer of thickness / on a transparent substrate. (a) Schematic. (b) The probe
beam incident at position X

deflected, and the displacement at the detection plane is 2h;cosf + 2g, L

of the displaced surface (cxaggerated in the figure) is
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